The tachocline is believed to be the region where the solar dynamo operates. With over a solar cycle's worth of data available from the MDI and GONG instruments, we are in a position to investigate not merely the average structure of the solar tachocline, but also its time variations. We determine the properties of the tachocline as a function of time by fitting a two-dimensional model that takes latitudinal variations of the tachocline properties into account. We confirm that if we consider central position of the tachocline, it is prolate. Our results show that the tachocline is thicker at higher latitudes than the equator, making the overall shape of the tachocline more complex. Of the tachocline properties examined, the transition of the rotation rate across the tachocline, and to some extent the position of the tachocline, show some temporal variations.
Introduction
Inversions of helioseismic data have shown that the solar convection zone rotates differentially, but that the radiative interior has an almost solid-body like rotation (see Schou et al. 1998 and references therein). The transition from differential rotation to solid body rotation occurs over a very narrow region, that is called the tachocline (Spiegel & Zahn 1992) . The tachocline is believed to be the seat of the solar dynamo, and hence is expected to affect, and be affected by, the solar dynamo.
The poor resolution of the inversion techniques, particularly at high latitudes, makes it difficult to infer the properties of the tachocline from normal inversions for the solar rotation rate. One consequence of the poor resolution is that the transition appears to occur over a large radial distance. As a result, tachocline studies usually involve forward modelling techniques, with the parameters of the models determined by fitting helioseismic data (e.g., Kosovichev 1996; Basu 1997; Antia et al. 1998; Charbonneau et al. 1999; Basu & Antia 2001 , 2003 . Early investigations have shown that the tachocline is prolate. Also clear (even from inversions) is that the 'jump' in the rotation rate across the tachocline is latitude dependent. At the equator, the rotation rate changes from a higher value to a lower value when moving from the convection zone to the radiative interior through the tachocline, there is almost no change around a latitude of about 30
• , while at higher latitudes the rotation rates shifts from a lower value to a higher one. What is not completely clear from earlier work however, is whether the tachocline thickness, i.e., the radial distance over which the rotation rate changes, is larger at higher latitudes than the equator. Although, the early results found that the thickness does increase with latitude, the statistical significance of this increase was not clear.
The bulk of the solar convection zone shows clear, periodic, changes in the rotation rate in the form of zonal flows (Vorontsov et al. 2002; Basu & Antia 2003; Howe et al. 2005) . It is, however, not clear if the tachocline too changes with time. Early studies by Basu & Antia (2001; 2003) using data available for a limited part of the solar cycle 23 during its ascending phase did not find any significant temporal variation. However, with more than a solar cycle worth of data available now, we revisit the question of tachocline variations. We also examine whether the tachocline structure was different between the solar minimum preceding cycle 23 and the exceptionally long and deep minimum that preceded cycle 24. We also use the increased amount of data to determine the average properties of the tachocline more accurately.
Data and analysis
We use data obtained by the GONG (Hill et al. 1996) and MDI (Schou 1999) projects for this work. These data sets consist of the mean frequency and the splitting coefficients of different (n, ℓ) multiplets. Only the odd-order splitting coefficients are needed to determine the rotation rate in the solar interior (e.g., Ritzwoller & Lavely 1991) . We use 151 data sets from GONG, each set covering a period of 108 days. The first set starts on 1995, May 7 and the last set ends on 2010, June 4, with a spacing of 36 days between consecutive data sets. Thus these sets cover about a year of data leading to the minimum of cycle 23 as well as about a year of data following the minimum of cycle 24. The MDI data consist of 73 non-overlapping sets each obtained from observations taken over a period of 72 days. The first set begins on 1996, May 1 and the last set ends on 2011, February 11. The MDI data start close to the minimum of cycle 23 and do not cover preceding period, while these data cover a period of more than a year following the minimum of cycle 24.
To determine the properties of the tachocline we use the 2D-annealing technique described by Antia et al. (1998) . In this method we fit a rotation rate of the form
where r is the radial distance in units of solar radius, θ is the co-latitude and
P 5 (θ) = 21 cos 4 θ − 14 cos 2 θ + 1.
The quantity r t is the central point of the transition region in the rotation rate and what we consider to be the 'position' of the tachocline. The half-width of the tachocline is given by the quantity w, and δΩ is the jump in the rotation rate across the tachocline. The quantities r t , w and δΩ define the tachocline. The form for the smooth part of rotation rate used here is slightly different from that used by Basu & Antia (2001) . The difference is in the radiative interior (r < 0.7R ⊙ ) where we assume uniform rotation. The rotation rate given by Eq. (1) is used to calculate the splitting coefficients and these are compared with observed splitting coefficients. We find that the first component in δΩ is generally small and that the fits become more stable if that is ignored, hence all results in this work are obtained by setting δΩ 1 = 0. The parameters r d1 ,r d3 ,w 1 ,w 3 ,δΩ 3 , δΩ 5 ,B 1 ,B 3 ,B 5 ,C, and Ω c are fitted to the observed splitting coefficients. Only the first 3 odd-order splitting coefficients are used for this purpose. We use the method of simulated annealing to perform the least squares fit to the observed frequencies. Note that our model of the tachocline differs from that of Kosovichev (1996) and Charbonneau et al. (1999) and to compare the width we obtain to those obtained by them, w needs to be multiplied by a factor of 2.5.
For each available data set in GONG and MDI data sets we fit rotation rate of the form given by Eq. (1) to the observed splitting coefficients to calculate the 11 parameters of the model. In this work we are only interested in the parameters that define the properties of the tachocline.
Results and discussion

The time-averaged tachocline
The time averaged parameters for the tachocline are listed in Table 1 . The average tachocline properties were determined by averaging all results. GONG and MDI results were averaged, and are listed, separately. The average results are consistent with those of Basu & Antia (2001) obtained using a subset of current data and with a slightly different form for the rotation rate. As can be seen, that there are some systematic differences between the GONG and MDI results. Similar differences have been seen in rotation inversion results . The discrepancy is mainly attributed to differences in the data processing pipelines of the two projects. Studies of temporal variations in solar rotation rate (e.g., Antia et al. 2008a ) suggest that the time-varying component of the rotation rate is not affected by the discrepancy between GONG and MDI data.
The fitted parameters can be used to calculate the properties of the tachocline at any given latitude. The time-averaged results at a few latitudes are shown in Table 2 . As can be seen clearly, the tachocline is prolate as measured by the central radius defining the tachocline. GONG data yields a difference of (0.012 ± 0.002)R ⊙ between the latitude of 60
• and the equator. The difference with MDI data is (0.040 ± 0.003)R ⊙ . Our results are in agreement with earlier results (Antia et al. 1998; Corbard et al. 1998 Corbard et al. , 1999 Charbonneau et al. 1999; Basu & Antia 2001 , 2003 . Table 2 also shows a clear variation of the thickness of the tachocline. What we find is that the tachocline is the least thick at the equator, and the thickness increases steadily with latitude. While earlier investigations (Charbonneau et al. 1999; Basu & Antia 2001 , 2003 had indicated that this might be the case, the results were not statistically significant. The larger quantity of data available now has resolved this issue. We find that the thickness increases by about (0.018 ± 0.003)R ⊙ between the equator and 60
• latitude as per GONG and (0.028 ± 0.004)R ⊙ as per MDI data.
While the central part of the tachocline (as define by r t ) is clearly prolate in shape, the overall shape of the tachocline is more complex since the thickness changes. Given the model of the tachocline (Eq. 1), we can assume that the tachocline is bounded between layers with radius r t − 2w and r t + 2w. The rotation rate changed by about 76% of δΩ within these limits. The upper boundary of the tachocline is clearly prolate since both r t and w increase with latitude. The lower boundary is another matter. Given the tachocline model adopted in this work, the lower boundary is determined by the value of r t3 − 2w 3 , which is −(0.0071 ± 0.0021)R ⊙ (GONG) or −(0.0066 ± 0.0030)R ⊙ (MDI). Thus within 2-3σ, the lower boundary is close to being spherical. A similar conclusion was reached by Basu & Antia (2003) . It should be noted that the base of the convection zone is also spherical (Basu & Antia 2001) . The lower boundary of the tachocline is at about 0.68R ⊙ which is consistent with the extent of mixing required below the solar convection zone to match the solar sound-speed profile (e.g., Brun et al. 2002) .
The latitudinal variation in δΩ is very clear. There is very little change in the rotation rate across the tachocline at a latitude of about 30
• . At lower latitudes δΩ is positive (i.e., higher rotation rate above the tachocline), while at higher latitudes the sign of the difference is reversed. The latitude at which δΩ changes sign is of some interest. With the parameters of tachocline as determined by us this turns out to be about 29
• . If P 3 (θ) were the only term present in the definition of δΩ, we would expect this number to be 26.6
• . Given that P 3 (θ) is the dominant term, it is not surprising that the latitude at which δΩ = 0 is close to this value. The latitude at which δΩ = 0 can also be determined quite easily by inspecting solar rotation profiles obtained from inversions. The numbers are quite similar.
Activity and time dependence
In order to detect tachocline variations linked to solar activity, we also average results that correspond to times of high and low activity -we define the period of high activity to be the one for which the 10.7 cm radio flux was greater than 140 SFU and the period of low activity is defined as the ones with 10.7 cm flux less than 90 SFU. To study possible difference between the two periods of minimum activity covered by the data sets we also take separate averages for the two periods of low activity. These are also listed in Table 1 .
We do not find any significant change in either the thickness or the position of the tachocline between the high and low activity periods. However, δΩ 3 and δΩ 5 show differences at the level of 2-3σ. To check for any solar cycle variation we also calculate the correlation coefficient between these parameters and the 10.7 cm radio flux. The correlation coefficients for δΩ 3 and δΩ 5 are found to be 0.40 and 0.20 respectively, when GONG data is used.
For MDI data these correlations are 0.36 and 0.40 respectively. The correlation with other parameters of the tachocline are found to be very small. GONG and MDI give somewhat disparate results about the differences in the tachocline between the minimum before cycle 23 and that before cycle 24. This could be a result of the fact that MDI data do not completely span the cycle 23 minimum. The only significant change is in the parameter δΩ 5 . Even that is of opposite sign between GONG and MDI. Thus we cannot say for certain whether the tachocline parameters were different between the two minima.
We take a closer look at the changes in tachocline parameters by examining a few latitudes in more detail. For each latitude we have determined the correlation coefficient between r t , δΩ and w and the 10.7 cm radio flux. However, since the 10.7 cm flux is an indicator of global activity, while the changes in the tachocline may be correlated with other local changes, which depend on latitude, we also fit an oscillatory form with a period of solar cycle. Thus for δΩ we fit
where ω 0 is the frequency corresponding to 11.7 years, the dynamical length of the solar cycle as determined by Antia & Basu (2010) , and the angular brackets denote average over time. This form was motivated by the fact that the change of zonal flow velocities at a given latitude and radius can be fitted with this expression. We fit similar expressions to r t and w.
In Figure 1 we show the position of the tachocline, r t at four latitudes plotted as a function of time. As can be seen, there is a large spread in the results and there is no clear temporal variation. In the same figure we also show a running mean of the results to reduce the scatter. The running mean is taken over a period of about 1 year, i.e., over 9 sets for GONG and 5 sets for MDI. Also shown is the fit to the form given by Eq. (8). There is a good agreement between the results obtained using GONG and MDI data at low latitudes, but there are significant differences at high latitudes as also seen in the time-averaged data. The r t values are not correlated with the 10.7 cm flux, the correlation coefficients lie between −0.14 and 0.02 for the different latitudes and sets of data. There appears to be an oscillatory time variation at the lower latitudes, and the results are consistent for both data sets, implying the results may have some significance. Figure 2 shows similar results for the width. At low latitudes the width is comparable to errors in individual data points and it is difficult to say much about the temporal variations. At high latitudes also the temporal variations are unclear -there is no agreement between results obtained with the GONG and MDI data. As with r t , the correlation with the 10.7 cm flux is small. Figure 3 shows results for δΩ. GONG and MDI results agree at most latitudes, though the agreement is poor at 60
• . This is the only quantity that shows a reasonable correlation with the 10.7 cm flux, being correlated with activity at high latitudes and anti-correlated at low latitudes. The correlation coefficient for latitudes 0
• , 15
• , 45
• , and 60
• is respectively −0.31, −0.39, 0.36 and 0.39 for the GONG data, and −0.22, −0.34, 0.20 and 0.41 for MDI. These correlations are consistent with that seen in rotational kinetic energy in the lower part of the convection zone (Antia et al. 2008b ) which also shows correlation at high latitude and anti-correlation at low latitudes. Each latitude shows some type of oscillatory behavior in addition to the solar cycle variation, however, the oscillatory behavior of the GONG and MDI results do not agree at any latitude and are out of phase with each other.
Inversion results for rotation rate suggest that the zonal flow pattern penetrates through the convection zone (Vorontsov et al. 2002; Basu & Antia 2003; Howe et al. 2005; Antia et al. 2008a ), which could imply some temporal variations in the tachocline region. However, this variation could be in what we consider the smooth part of the rotation rate (parameters Ω c , B and C in Eq. 1) and may not necessarily affect the tachocline properties r t , w or δΩ. The temporal variation that we find in δΩ is indeed of the same order as the temporal variation in the rotation rate and it could account for a part of the zonal flow pattern. In this work we have adopted a crude representation of smooth part of rotation rate which may not be able to fully represent all the rotation rate variations. We however, do find that if we compute the zonal flow pattern at a region just above the tachocline (around r = 0.75R ⊙ ) the pattern qualitatively matches the zonal flow pattern at a comparable depth, though the errors in both results are too large to see the pattern clearly. As a result, we do not show those results. In addition to the zonal flow pattern, Howe et al. (2000) found an oscillatory pattern with a period of 1.3 yrs in the tachocline region. We do not see any oscillations with a comparable period in the tachocline properties. It should be noted however, that we have not been able to confirm the 1.3 year oscillation (Basu & Antia 2001 , 2003 Antia & Basu 2010) even in the zonal flow pattern.
Although we have not examined possible temporal variations in the shape of the convection zone in this work, given that the errors in position of the solar convection-zone base are much smaller, we do not expect the results of Basu & Antia (2001) to be modified by additional data.
Conclusions
We have used helioseismic data spanning cycle 23 and beyond to study the properties of the solar tachocline. We confirm that the center of the tachocline is prolate in shape.
The results show unequivocally that the thickness of the tachocline increases with increasing latitude, making the overall shape of the latitude more complex -while the outer boundary is prolate, the inner boundary is close to spherical or perhaps even a little oblate. This appears to be consistent with the fact that the base of the convection zone is almost spherical.
The jump across the tachocline is the only parameter that shows a significant change with solar activity. Other parameters also appear to show some change with time, however the tachocline properties obtained with GONG data and those with MDI do not always show consistent behavior. If the oscillatory temporal variations of tachocline properties are confirmed, it would imply that the solar zonal flow (which is the temporally varying component of solar rotation) penetrates to the base of the convection zone.
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